Multiple sclerosis is a sexually dimorphic, demyelinating disease of the CNS, and experimental allergic encephalomyelitis (EAE) is its principal autoimmune model. Young male SJL/J mice are relatively resistant to EAE whereas older males and SJL/J females of any age are susceptible. By comparing a wide age range of proteolipid protein peptide 139 -151 immunized mice, we found that female disease severity remains constant with age. In contrast, EAE disease severity increases with age in SJL/J males, with young males having significantly less severe disease and older males having significantly more disease than equivalently aged females. 
M ultiple sclerosis (MS)
3 is a chronic, demyelinating disease of the CNS that results in substantial disability and paralysis. Although MS prevalence is ϳ3-fold higher in women than in men, MS in men is characterized by a more rapid clinical course and typically presents as severe progressive disease (1) . Interestingly, the female-biased sexual dimorphism has been found to be on the rise within the past 50 years, presumably due to gene-environment interactions (2, 3) .
Experimental allergic encephalomyelitis (EAE) is the principal autoimmune model of MS. EAE in the inbred SJL/J mouse strain has been used as a model of the sexual dimorphism seen in MS, as SJL/J females are considered more susceptible to EAE than males. However, this gender bias in the EAE sexual dimorphism of SJL/J mice is unique in that it is age dependent, reflecting changes in EAE susceptibility of male mice, not female mice. Compared with young female SJL/J mice, young (4 -8 wk) male SJL/J mice show significantly impaired delayed type hypersensitivity responses (4, 5) and are significantly less susceptible to EAE (6 -10) . In contrast, EAE susceptibility in older (Ն12 wk) SJL/J males is equivalent to that seen in 6-wk-old SJL/J females (6) . Consequently, this gives rise to a female-biased EAE sexual dimorphism when female mice of any age are compared only with young (4 -8 wk) males. Both gonadal hormones (11) (12) (13) (14) and sex chromosome (Chr) effects (15, 16) have been postulated to cause the sexual dimorphism. In young SJL/J mice, male gonadal hormones (12, 17) have been implicated in EAE resistance because castration of young SJL/J mice significantly increases EAE incidence and severity (6, 14) and induces the female predominant relapsing-remitting form of the disease (12, 17) . Collectively, these published reports show that the gender bias of the EAE sexual dimorphism in SJL/J mice is a function of a testes-dependent, age-related transition in the EAE susceptibility of SJL/J males and is not due to an inherent steady-state increase in the EAE susceptibility of female SJL/J mice.
Using C57BL/6J Y Chr substitution strains (consomic mice), we previously demonstrated that a gene or genes on the Y Chr, termed Yeae, influence EAE (18) . This was the first experimental evidence demonstrating the existence of a Y Chr polymorphism capable of modifying EAE susceptibility. Because the age-dependent change in EAE susceptibility of SJL/J mice is male specific and because orchiectomy influences this phenotype, we reasoned that the SJL/J Y Chr may play a role in the genetic control of the SJL/J sexual dimorphism. This hypothesis was tested directly in this study using SJL/J Y Chr consomic mice. We report here that, in fact, the SJL/J Y Chr selectively interacts with the SJL/J background to control the unique EAE sexual dimorphism seen in this strain.
Materials and Methods

Animals
SJL/J, B10.PL-H2
u H2-T18 a /(73NS)SnJ (B10.PL), and B10.S/SgMcdJ (B10.S) mice were purchased from The Jackson Laboratory. SJL/J.Y B10.S and B10.S.Y SJL/J mice are consomic strains in which the Y Chr has been replaced with B10.S and SJL/J, respectively. These lines were generated at the University of Vermont (Burlington, VT) and backcrossed for a minimum of 15 generations. Animals were housed in specific pathogen-free conditions under National Institutes of Health guidelines, and experiments performed in this study were approved by the Animal Care and Use Committee of the University of Vermont.
Mouse spinal cord homogenate (MSCH) and encephalitogen (ENC)-CFA emulsions
MSCH was generated using retired breeder SJL/J mice (The Jackson Laboratory) as described (19) . MSCH-CFA and proteolipid protein peptide 139 -151 (PLP 139 -151 ) (Department of Chemistry, University of Vermont) emulsions were prepared by sonication (external (Ext)-ENC-CFA) and syringe extrusion (internal (Int)-ENC-CFA), respectively (19) . EAE was evaluated daily beginning at day 10 after injection as previously reported (20) . All animals were considered affected that showed any clinical signs greater than or equal to a score of 1 for two or more consecutive days. The severity index is the cumulative disease score (CDS) per days affected.
Induction and evaluation of active EAE
Proliferation and cytokine assays
Ex vivo proliferation and cytokine assays were conducted as previously described (20) using spleen and lymph node cells obtained from mice immunized 10 days earlier with 2ϫ PLP 139 -151 -CFA.
Statistical analyses
A multiple logistic regression analysis was performed to examine the effect of age, season, and sex on incidence. Multiple linear regression analyses were performed to examine the effect of the same factors on measures of disease severity. Final models presented include age, month of injection, sex, and sex-by-age interaction when significant. The Kruskal-Wallis test followed by Dunn's multiple comparison test or the Mann-Whitney U test were used where applicable. Differences were considered significant at p Ͻ 0.05. A repeated measures ANOVA was performed to examine the group changes in the mean clinical score across time, as well as time by group interactions as previously described (18) using BMDP statistical software.
Results and Discussion
Neuroantigen-CFA emulsion structure modifies the EAE sexual dimorphism in SJL/J mice
We have shown that immunization of young (5-6 wk) SJL/J male mice with MSCH-CFA emulsions composed of particles with the M. tuberculosis and neuroantigen localized to the phase surfaces (Ext-ENC-CFA) abolished the age-dependent difference in EAE susceptibility of SJL/J male mice (19) . In contrast, emulsions in which the bacterial products and ENC were buried inside the water/oil vesicles (Int-ENC-CFA) did not (19) . To assess the effect of PLP 139 -151 -CFA emulsion particle structure on EAE susceptibility of young SJL/J males, 5-8 wk old male SJL/J mice were immunized with PLP 139 -151 -CFA emulsions prepared by sonication (Ext-ENC-CFA) or syringe extrusion (Int-ENC-CFA) (19) . Young SJL/J male mice immunized with Int-MSCH-CFA emulsions were resistant to EAE (0/9), whereas young SJL/J males immunized with Ext-MSCH-CFA emulsions were significantly more susceptible to disease (10/ 10), consistent with our previous findings. Similarly, young SJL/J male mice had significantly higher disease incidence (12/12 vs 11/16; 2 ϭ 4.6; p ϭ 0.03) and greater CDS (28.3 vs 10.1; p Ͻ 0.001) when immunized with Ext-PLP 139 -151 -CFA compared with Int-PLP 139 -151 -CFA. These results are consistent with the seminal observations of Cua et al. (6) showing that the age-dependent changes in the susceptibility of SJL/J males to EAE are likely due to a developmental delay in the ability of APC to process and present Ags. Importantly, emulsions in which the M. tuberculosis and ENC are localized on the phase surfaces (Ext-ENC-CFA) effectively increases the Ag specific immunostimulatory activity of APC compared with Int-ENC-CFA vesicles. Ext-PLP 139 -151 -CFA emulsions were used in all subsequent studies.
Season affects EAE incidence and severity in SJL/J mice
Seasonal differences in EAE incidence and severity have been reported in SJL-derived mice (22, 23) . In the present studies, both male and female SJL/J mice were more likely to develop EAE in April, May, and July compared with November (supplemental Tables I and II) . 4 Therefore, season was included in the regression model when assessing the effect of age on the EAE sexual dimorphism (supplemental Table III ; Fig. 1 ). 4 The online version of this article contains supplemental material. FIGURE 1. EAE severity increases with the increasing age of immunization in male SJL/J mice but not in female SJL/J or male B10.PL mice. Active EAE was induced in SJL/J mice by immunization with PLP 139 -151 -CFA on days 0 and 7 (A and B) or in B10.PL mice with MBP Ac1-11 -CFA plus pertussis toxin (C). A and B, Linear regression analysis of changes in CDS by age of immunization over the entire course of the study (A) and between 5 and 14 wks of age (B) are shown. The male SJL/J CDS-by-age slope (solid line) changes over time and is different from 0 (p Ͻ 0.001, n ϭ 117), but the female CDS-by-age slope (dotted line) is not different from 0 (p ϭ 0.61, n ϭ 101). C, Male B10.PL CDS-by-age slope is not different from 0 (p ϭ 0.27, n ϭ 45).
SJL/J sexual dimorphism in EAE severity changes with age
SJL/J mice (5-65 wks old) were immunized for EAE and the mean CDS as a function of age was analyzed by linear regression. In female SJL/J mice the CDS remained constant with age ( Fig. 1) , whereas in male mice the CDS increased with age. The slope of the male CDS-by-age regression line (slope ϭ 0.14; p Ͻ 0.001) indicates that the CDS increased by 0.14 for each day older at the time of immunization, while the regression line for female CDS-by-age held steady (slope ϭ 0.02; p ϭ 0.91). EAE disease severity was not significantly different between 12-wk-old SJL/J males and 6-wk-old SJL/J females.
The CDS-by-age regression lines diverged again as the male CDS continued to increase over time while the female CDS remained constant (Fig. 1) . The effect of age on disease severity was significantly different between males and females, as indicated by the significant sex-by-age interaction (p Ͻ 0.01) (supplemental Table III ). Peak score, severity index, and days affected also increased in SJL/J males but not in SJL/J females (supplemental Table III ). Incidence did not vary with age in male or female mice. When divided into four representative age groups, 6-to 11-wk-old males had significantly less severe EAE than any older age group (Fig. 2 and supplemental Table IV) .
This age effect does not occur in all mouse strains, as the CDS of B10.PL male mice immunized with MBP Ac1-11 does not increase significantly with age (Fig. 1C) . Therefore, the commonly held notion that SJL/J females are more susceptible to EAE applies only when comparing young (4 -8 wk) SJL/J mice and reverses with age, with older (Ն12 wk) males having more severe EAE than older females. This may be a useful model for the later onset and the more progressive MS course observed in men (24) .
The SJL/J Y Chr controls the age-related transition in susceptibility of SJL/J male mice to EAE
Because the age-dependent change in EAE susceptibility of SJL/J mice is male-specific and orchiectomy influences this phenotype, we reasoned that genes on the Y Chr may play a role in the genetic control of the SJL/J sexual dimorphism. . Consomic mice were immunized for EAE. The clinical disease courses differed significantly between young SJL/J and SJL.Y B10.S male mice, with that of SJL.Y B10.S males being significantly more severe than that of young SJL/J males ( Fig. 3 and Table I ) and equivalent to that seen in SJL/J and (SJL/J ϫ SJL.Y B10.S ) F 1 females (supplemental Fig. 1 ). In contrast, B10.S male mice with either the Y B10.S or Y SJL Chr (incidence of 2/17 and 3/11, respectively) remained resistant to PLP 139 -151 -induced EAE (supplemental Table V) . However, additional animals may need to be studied to definitively conclude that the Y B10.S Chr does not impact resistance in B10.S mice.
We next compared the ex vivo PLP 139 -151 -specific proliferative responses and cytokine production by spleen and lymph FIGURE 2. Age of immunization influences EAE severity in male SJL/J mice. Active EAE was induced in male SJL/J mice with PLP 139 -151 -CFA on days 0 and 7. The CDS was significantly lower in mice immunized at 6 -11 wk of age compared with mice immunized at 18 -21 wk, 25-33 wk, and 40 -65 wk. In addition, regression analysis revealed that severity of EAE differed significantly among the age groupings (F ϭ 122.0; p Ͻ 0.0001) with 6 -11 Ͻ 18 -21 Ͻ 25-33 ϭ 40 -65. node cells from SJL/J and SJL.Y B10.S mice immunized with 2ϫ PLP 139 -151 -CFA. The proliferative responses were not significantly different between the strains (data not shown), nor was the production of IL-2, TNF-␣, and IL-17 (Fig. 3B) . However, SJL/J mice produced significantly more IFN-␥ than did SJL.Y B10.S mice. This is consistent with the findings of Staykova et al. (9) who reported that compared with T cells from older SJL/J males, T cells from young SJL/J male make significantly more IFN-␥.
Taken together, out data indicate that one or more polymorphic genes on the SJL/J Y Chr, which we previously designated Yeae (18) , specifically interact with the SJL/J background to control the developmental delay in susceptibility of SJL/J male mice to EAE and regulate the production of IFN-␥, a cytokine that has both proinflammatory and anti-inflammatory effects (26) . Y Chr polymorphism in the mouse has also been shown to influence cardiomyocyte size (27) and the number of V␣14 ϩ invariant NK T cells (28) . In Drosophila melanogaster, Y Chr polymorphism affects the expression of large numbers of X-linked and autosomal genes, impacting microtubule stability, lipid and mitochondrial metabolism, and the thermal sensitivity of spermatogenesis (29) . Polymorphism in the human Y Chr is associated with increased spermatogenic failure (30) .
The major candidate gene on the Y Chr for Yeae is Sry, the testis-determining gene, which interacts in an allele-specific manner with autosomal loci in controlling normal testicular development (31) . In the male fetus, the appearance of fetal Leydig cells is preceded by Sry expression in pre-Sertoli cells, and fetal Leydig cell differentiation depends on Sertoli cell-derived factors (32) (33) (34) (35) . Fetal Leydig cells produce the androgens required for masculinization of the male during embryogenesis (36) . Sry polymorphisms may regulate the 'fetal programming' of susceptibility to EAE in males as a result of variation in the timing and/or intensity of the prenatal testosterone surge. Functionally significant Sry polymorphisms are well documented, as the transfer of various domesticus Y Chrs onto the C57BL/6 background leads to varying degrees of sex reversal ranging from normal testis development to permanent sex reversal (31, (37) (38) (39) (40) caused by the presence of particular Sry protein isoforms combined with insufficient Sry expression (41, 42) .
In summary, increasing age leads to more severe chronic EAE in SJL/J male mice, and replacement of the SJL/J Y Chr with the B10.S Y Chr on the SJL/J background leads to the development of the relapsing-remitting form of the disease similar to that seen in young orchiectomized SJL/J males. Moreover, immunization of young SJL/J males with emulsions in which the M. tuberculosis and ENC are localized on the phase surfaces is capable of overcoming the developmental delay in the ability of young SJL/J male APC to process and present Ags. Taken together, these results reinforce the importance of gene-environment interactions in not only controlling the overall susceptibility to inflammatory demyelinating disease of the CNS but in influencing the sexual dimorphisms seen in such diseases.
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